C^NeuS^ACj) with a 9-O-acetylated sialic acid moiety linked to the outer galactose residue, on the spatial extension and mobility of the carbohydrate chain and on recognition by a natural human antibody is analysed. To study a potential impact of the O-acetyl group on the overall conformation of the carbohydrate chain, molecular dynamics (MD) simulations of oligosaccharide chain fragments of increasing length starting from the non-reducing end have been carried out for the first time in this study. They revealed a considerable loss in chain flexibility after addition of the internal A'-acetylneuraminic acid onto the chain. Besides MD calculations with different dielectric constants, the conformational behaviour of the complete oligosaccharide chain of the 9-O-acetylated G Dla ganglioside was simulated in the solvents water and dimethyl sulfoxide. These solvents were also used in NMR measurements. The results of this study indicate that 9-O-acetylation at the terminal sialic acid does not influence the overall conformation of the ganglioside. An extended interaction analysis of energetically minimized conformations of G Dla ( e Neu5^Ac 2 ) and G Dla , obtained during molecular dynamics simulations, allowed assessment of the influence of the different parts of the saccharide chains on spatial flexibility. Noteworthy energetic interactions, most interestingly between the 9-Oacetyl group and the pyranose ring of iV-acetylgalactosamine, were ascertained by the calculations. However, the strength of this interaction does not force the ganglioside into a conformation, where the 9-0-acetyl group is no longer accessible. Binding of G Dla CTVeuS^Acj) to proteins, which are specific for 9-O-acetylated sialic acids, should thus at least partially be mediated by the presence of this group. To experimentally prove this assumption, a NMR study of 9-O-acetylated G Dla in the presence of an affinitypurified polyclonal IgG fraction from human serum with preferential binding to 9-O-acetylated sialic acid was performed. The almost complete disappearance of the intensity of the 9-0-acetyl methyl signal of the G Dla CNeuS^Ac^) clearly indicates that the assumed interaction of the 9-0-acetyl group with the human protein takes place.
Gangliosides are sialic acid-containing glycosphingolipids that are ubiquitous components of the mammalian plasma membrane. They are assumed to play important roles in the interaction of cells with their environment, and are apparently involved in the regulation of many cellular events (Hakomori, 1990 (Hakomori, , 1991 Kopitz, 1996) . Since the carbohydrate part of naturally occurring gangliosides can be modified, e.g., by 9-0acetylation of sialic acids (Reuter and Schauer, 1987) , the presence of such alterations prompts evaluation of their structural impact on conformation and molecular recognition. Following this reasoning, we have focused in the present study on G DU and its 9-O-acetylated derivative G D , a ( e Neu5,9Ac 2 ) carrying the A'-acetyl-9-O-acetylneuraminic acid exclusively linked to the terminal galactose moiety of the tetrasaccharide backbone Galpl-3GalNAc(31^Gaipi^tGlc, whereas the internal galactose residue is substituted by /V-acetylneuraminic acid (Gowda et ai, 1984) . A schematic representation of the oligosaccharide part of G DU ( e Neu5,9Ac 2 ), denoted as fragment IV in the text, is shown in Figure 1 .
In relation to the knowledge about the occurrence of Oacetylated gangliosides, relatively little is known concerning the functions of this modification. A major impact of Oacetylation of sialic acids may be the protection against the action of sialidases (Schauer, 1979 (Schauer, , 1982 Varki, 1992) , which initiate the catabolism of these compounds. In addition, 9-0acetylation is considered a differentiation marker in developmental processes (Varki, 1992; Klein et ai, 1994; Schauer et ai, 1995) or, e.g., in the form of the gangliosides G D3 ( c Neu5,9Ac 2 ) and G D2 ( c Neu5,9Ac 2 ), as tumour-associated antigens in human melanomas (Cheresh et ai, 1984a,b; Thurin et ai, 1985; Ravindranath et ai, 1988; Manzi et ai, 1990; Sjoberg et ai, 1992) . Owing to the rather high level of expression of G D3 ( e Neu5,9Ac 2 ) in melanomas, attempts to turn this feature into therapeutic benefit have been initiated (Ravindranath et ai, 1989; Ritter et ai, 1989 Ritter et ai, , 1990 . Turning from tumours to viral infections, sialic acid O-acetylation can mediate or prevent receptor binding, as shown for viral adhesion. Whereas it reduces the extent of binding of the pathogenic influenza A-virus strain, the adhesins of the C-type virus and the coronavirus exhibit a high affinity to this modified sialic acid residue (Herder et ai, 1985; Zimmer et ai, 1992 Zimmer et ai, , 1994 Schultze et ai, 1993) . Masking of ligand recognition by 9-Oacetylation is not restricted to pathogens, as substantiated by the lack of binding of the B-cell adhesion molecule CD22b to the modified sialic acid (Sjoberg et ai, 1994) . It has also recently been shown that the 9-0-acetyl group of Neu5,9Ac 2 interferes with sialoadhesin binding (Kelm et ai, 1994) . In this H.CSiebcrt et aL context the presence of a polyclonal antibody fraction in human serum with apparent specificity for 9-O-acetylated sialic acids is intriguing (Ahmed and Gabius, 1989; Zeng and Gabius, 1992) . The expression of specific binding proteins in serum supports the notions that O-acetylation can be a marker for recognitive events by proteins and that the presence of such markers in certain tumour types may serve as target for the binding of natural antibodies and for attempts of active immunisation. However, detailed information about the recognition mechanism of O-acetyl groups on a molecular level is important to understand their biological role(s). Therefore, we used G D]a and G D)a ( e Neu5,9Ac 2 ) in the present study as proper models to contribute to the evaluation of the specific role(s) of <9-acetylation of sialic acids in complex glycoconjugates.
Results and discussion
For this study CVFF was selected because it is a well established force field, describing the conformational behaviour of GM 3 -gangliosides in good agreement with the NMR data (Siebert et aL, 1992) . During the parametrization and validation of CVFF (Hagler et aL, 1974 (Hagler et aL, , 1979a , emphasis has also been put on the description of intermolecular forces, especially OH-bonds in small charged molecules. Thus, the bifunctionality of the OH-group (hydrogen bond donor as well as hydrogen bond acceptor) is included in the parametrization. This is a basic feature important for carbohydrates. Calculated structural parameters such as bond lengths and bond angles are comparable to other force fields used to describe carbohydrate properties. It should be pointed out that CVFF does not contain-as many other force fields do-any special parametrization or term to describe the anomeric and/or exoanomeric effect. Good agreement between experimental and theoretical results for model oligosaccharides using CVFF to explore the conformational space has been reported during the last few years (Balaji et aL, 1992 (Balaji et aL, , 1994 Siebert et aL, 1992 Siebert et aL, , 1996a Asensio et aL, 1995; von der Lieth et aL, 1996) , although the force field is not able to reproduce consistently the correct vibrational frequency, which is an indication for possible limitations of accuracy of the force field (Homans et aL, 1990; Marti et aL, 1994) . Nonetheless, it has proven useful to process binding data of oligosaccharide ligands for the asialoglycoprotein receptor (Balaji et aL, 1993) and the conformational behaviour of high-mannose oligosaccharides (Balaji et aL, 1994) . To further substantiate our choice of the force field, we refer to a study where NMR data of ot-lactoside have been compared with the results of molecular dynamics (MD)-simulations using the CVFF, CVFF91, AMBER, and AMBER/Homans parametrization (Asensio et aL, 1995) . It was found that the conformational behaviour predicted by CVFF is closer to the experi-mental results, as for example the one resulting from AMBER/ Homans parametrization. In the same line of reasoning the conformational space of maltose has been explored using different force fields (CVFF, CVFF91, AMBER, AMBER/ Homans, MM+) (Kozar, 1995) . In accordance with Asensio et al. (1995) , the results obtained by the use of CVFF reach the predictive quality of the other force fields.
MD-derived conformations of fragments and of the complete oligosaccharide chain of G Dla CNeu5,9Ac 2 ) NMR-derived, energetically minimized molecular mechanics (MM) conformations of fragments of the carbohydrate chain of G Dla ( c Neu5,9Ac 2 ) with an increasing length starting from the non-reducing terminus of the oligosaccharide chain were used as input data for 1000 ps MD simulations at 300 K to study the influence of non-bonded interactions on the conformation of the complete molecule. The corresponding NMR data that are available from the literature (Scarsdale et al., 1990; Sabesan et al.. 1991a,b; Acquotti et al, 1994 , Poppe et al., 1994 were obtained for the non-O-acetylated G D , a and proved to be helpful for comparing this study with our own results (Siebert, 1990 ) that already included NMR measurements of the 9-Oacetylated derivative G D]a ( c Neu5,9Ac 2 ).
The following oligosaccharide parts of G DU ( e Neu5,9Ac 2 ) were generated and then separately analysed as detailed in Materials and methods: a) e Neu5,9Ac 2 a2-3Gal(31-3GalNAc; c Neu5,9Ac 2 a2-3Gal(il-3GalNAc31^Gal; e Neu5,9Ac 2 a2-3Gal31-3GalNAcpl^('Neu5Aca2-3)Gal; and e Neu5,9Ac 2 a2-3Galpl-3GalNAc(Bl^K'Neu5Aca2- The c Neu5,9Ac 2 a2-3Gal linkage in fragments I and II shows transitions between two distinct conformations as can be deduced from the two sets of $, ^ angles of this linkage (Figure 2a ). This conformational behaviour is similar to that determined by MD simulations for Neu5Acot2-3Gal linkages in G M3 gangliosides (Siebert et al., 1992) and in oligosaccharide chain fragments of glycoproteins (Siebert et al., 1993) . The flexibility of the e Neu5,9Ac 2 a2-3Gal linkage is reduced in fragment III, in which a second sialic acid ('Neu5Ac) is linked ot-glycosidically to the 3 position of the internal galactose. This change can be recognized from the data in Figure 2a , where only one pair of 4>, ^ values can be deduced with confidence from the MD calculations, and from the 4>, ^ trajectories, given in Figure 3 , that clearly indicate a higher flexibility of the e Neu5,9Ac 2 a2-3Gal in fragment II than in fragment III. A further extension of fragment III to fragment IV, which represents the complete oligosaccharide chain of G D , a (TMeuS^Acj), does not seem to alter significantly the conformation with respect to fragment III (Figure 2a ).
In addition, the orientations of both sialic acid glycerol side chains are given for fragment IV, revealing an appreciable flexibility of both side chains as indicated by the corresponding values of a> 8 and w 9 , respectively (Figure 2b,c) . A similar degree of flexibility of the sialic acid side chain(s) was also calculated for shorter fragments (I-III) of the oligosaccharide. These results yield further refined information about the existence of distinct conformers depending on the oligosaccharide chain length on the basis of previous literature data about G ma (Acquotti et al., 1994) . To address the argument that the monitored simulation time of 1000 ps at 300 K could be too short to register the range of additional conformational changes, a temperature increase to 400 K was included into the simulation (Sun and Kollman, 1992) . No significant changes with regard to the values obtained for 300 K and shown here were detected. A major drawback of MD calculations in vacuum is the explicit exclusion of solvent molecules that can easily be expected to influence the conformation. This problem can in the first step be addressed by simulation of the solvent in performing the calculations with dielectric constants e 5= 1. Application of e values of 4 and 80, the latter simulating water, to the calculations of G ma ( c Neu5,9Ac 2 ) did not result in appearance of different conformations.
MD simulations of G Dla ( e Neu5,9Ac 2 ) with explicit inclusion of water and DMSO
MD simulations with application of suitable dielectric constants e as well as with the tedious and time-consuming calculations with the inclusion of the actual solvent molecules are practically feasible due to the availability of adequate computer programs. Thus, corresponding calculations for G D | a ( c Neu5,9Ac2) over a time period of 150 ps have been carried out in water and DMSO, both of which have also been used as solvents for the NMR experiments of this ganglioside, and for G D i a -Although the inclusion of solvent or as a box with periodic boundary conditions leads to a more accurate description of the oligosaccharide dynamics than obtained with simulations at certain e values, the computational calculations become extremely time-consuming for larger molecules. For proteins it has been reported that good agreement with the crystal structure can be achieved when a single hydration sphere and a distance-dependent dielectric constant were used (Guenot and Kollman, 1992, 1993) . Consequently, it appears credible to simulate with this assumption and then extend to as much solvent water as is computationally feasible. The results of MD simulations are described in Figure 4 , where the <I>, ^ angles obtained for the glycosidic linkages of fragment IV are given for G Dla ( e Neu5,9Ac 2 ) in a water box with periodic boundary conditions (Figure 4a ), in a water layer ( Figure 4b ), and in a DMSO box with periodic boundary conditions (Figure 4c ). In the case of the periodic boundary conditions, the integration step had to be reduced to 0.125 fs, because local overheating effects will otherwise cause ring inversions, which mainly occur for the GalNAc-residue, whereas calculations with the water layer did not give ring-inversion or evaporation under these conditions. All these simulations of G D , a (^NeuS^Acj) yielded similar results independent of the nature of the solvent, which corroborate the data obtained by MD simulations of G Dla (TMeuS^Ac;,) with no explicit inclusion of water molecules at dielectric constants e of 4 or 80. The only difference that appears to be significant is exhibited in the Gaipi^Glc linkage within fragment IV. It may adopt various <£, ^ angles depending on the type of the solvent and the solvation sphere, underscoring its remarkable flexibility already displayed in simulations with deliberate alterations of the e-value without explicit consideration of solvent molecules.
Interaction analysis ofG Dla ( e Neu5,9Ac 2 )
The apparently tremendous influence of the inner Nacetylneuraminic acid ('Neu5Ac) on the conformation and flexibility of the complete oligosaccharide chain of G Dla ( e Neu5,9Ac 2 ) (fragment IV) clearly indicates that interactions between different, spatially separated parts of G ma ( e Neu5,9Ac 2 ) can exist. Thus, an interaction analysis of the constituents of G D)a ( e Neu5,9Ac2) and, for comparison, G DU will probably allow comprehension of the relevance of individual influences. Likewise, the impact of the presence of the 9-O-acetyl group can be studied in this kind of analysis. The MD simulations of energetically minimized G D , a (TMeuS^Acj) and G D , a served as a basis for the interaction analysis. For this aim, the complete oligosaccharide chains of the two gangliosides were treated as composed of 15 different structural units A-O ( Figure 5) . Energy values describing these interactions are listed in Figure 6 . These data result from a simulation at 300 K using a dielectric constant of £ = 4 after 500 and 1000 ps of simulation time. The van der Waals energy values can be calculated by subtracting the Coulomb energy values from the total energy values. Total energy values exceeding about ±2 kcal/mol are considered to be indicative of an interaction of different structural units. The indicated simulations allow deduction of contacts of distant monosaccharide residues that are not observable by NMR measurements, i.e., interactions between the iV-acetyl substituent of the outer sialic acid moiety with the pyranose ring of the inner Nacetylneuraminic acid (C-M) and, in the context of these studies most interestingly, between the 9-O-acetyl group of the outer sialic acid unit and the pyranose ring of yV-acetylgalactosamine (A-H). Since the interactions H-J and C-M are not dependent on 9-O-acetylation, they are also seen in the case of G D!a , whereas the contact A-H is only present in G Dla ( c Neu5,9Ac 2 ). Its absolute energy value is rather low (^.22 kcal/mol) after 1000 ps simulation. However, it is significantly less favourable after 500 ps (-1.19 kcal/mol) than after 1000 ps. The intermediate energy values obtained at the various 50 ps intervals over the whole simulation period of 1000 ps show the same differences as given here exemplarily for 500 and 1000 ps rather than a steady decrease to -4.22 kcal/mol. This result is consistent with the notion that the interaction seen, e.g., after 1000 ps simulation can exist within one conformational arrangement, but is not strong enough to arrest the whole oligosaccharide chain in a corresponding conformation. It has to be noted that the same results that are not detectable by direct NOE contacts due to the distances of appropriate protons of more than 4 A were obtained with MD simulations using different dielectric constants e as well as under explicit consideration of the presence of solvent molecules.
Conformational aspects of G Dla ( e Neu5,9Ac 2 )
On the basis of NMR spectroscopic data and computational calculations, the establishment of a hydrogen bonding network between the external and the internal sialic acid, which may influence the overall conformation of G ma , has been discussed (Scarsdale et al, 1990; Sabesan et ai, 1991a; Acquotti et al, 1994; Poppe et al., 1994) . Consequently, the introduction of a 9-O-acetyl group may weaken this hydrogen bonding network between the two sialic acid moieties, leading to a completely different conformation or dynamic behaviour. The present data notably extend available information about G Dla in explicitly including solvent molecules in the calculation and in performing interaction analyses. In addition, a detailed conformational and dynamic analysis of G D , a ( e Neu5,9Ac 2 ) is given here for the first time. It is obvious that the conformational impacts described in the literature for G D]a are confirmed herein. 9-O-Acetylation of the outer sialic acid apparently does not lead to a conformation that is significantly changed with regard to the non-0-acetylated ganglioside. Although a specific interaction of the 9-O-acetyl group with the /V-acetylgalactosamine residue in G D , a CNeu5,9Ac2) can be deduced, it does not yield a rigid conformation based on this contact and still allows a remarkable flexibility of the glycerol side chain of the outer sialic acid, as can also be deduced from the corresponding torsional angles.
Taking all these results together one possible conformation of G ma ( e Neu5,9Ac 2 ) can be given, as depicted in Figure 7 .
Binding ofG Dla fNeu5,9Ac 2 ) to a 9-O-acetylated sialic acid-specific antibody preparation Although our results indicate that the conformations of G D , a ( e Neu5,9Ac 2 ) and G ma are very similar, the observable inter- action between the 9-O-acetyl group and the pyranose ring of the yV-acetylgalactosamine residue in the simulation may also indicate the occurrence of a distinct position of these chain constituents within one possible conformer (Figure 7) . To explain preferential binding of 9-0-acetylated sialic acid derivatives to receptor proteins on a molecular level, this functional group must be accessible to the binding protein like the polyclonal IgG fraction from human serum used in this study in order to serve as a docking place for a corresponding receptor. To provide evidence for such an interaction, one-dimensional 'H-NMR-spectra of G Dla ( c Neu5,9Ac 2 ) in D 2 O/DPC in the absence and presence of the antibody fraction were recorded. As shown in Figure 8, a and b , the signal of the methyl signal from the 9-O-acetyl group almost disappears after addition of the antibody fraction (Figure 8b ) when compared to the starting conditions without added receptor (Figure 8a ). When this antibody fraction is incubated with the monosaccharide Neu5,9Ac 2 , a considerable line broadening is seen. In the case of non-O-acetylated Neu5Ac and Neu5Gc monosaccharides, no significant line broadening could be detected. Hence, it can be concluded that the methyl protons of the 9-0-acetyl group of Neu5,9Ac 2 specifically interact with amino acids in the binding site of the protein. The fact that the intramolecular interactions of G Dla CNeuS^Acj) are not strong enough to preferentially establish one conformation with the 9-O-acetyl substituent buried within the molecule guarantees that this group is accessible for an intermolecular recognition processes, providing a measurable contact region for a 9-O-acetylrecognising domain of a receptor.
Conclusion
The computer-assisted generation of oligosaccharide fragments as parts of a more complicated structure, newly introduced in Fig. 7 . Stereo plot of G D1 . ( e Neu5,9Ac 2 ), representing the conformation as deduced from MD calculations of fragment IV after 1000 ps and the corresponding data from the interaction analysis. this investigation, followed by MD calculations of these partial structures proved to be very helpful in studying the influence of individual residues on the total saccharide conformation and dynamic behaviour, as did the interaction analysis that was also developed for the present study, and allows recognition of interactions that cannot be detected as direct NOE contacts. This approach enabled delineation of conformations for such a complex branched molecule like G D | a ( e Neu5,9Ac 2 ).
On this structural basis, inherent flexibility and at least partial accessibility of the 9-<9-acetyl group of G D , a ( e Neu5,9Ac2) could be deduced for the oligosaccharide chain. The experimental proof for the assumed accessibility of this group for a receptor was accomplished by NMR measurements with the ganglioside and a 9-O-acetyl-binding IgG fraction from human serum revealing the participation of the methyl protons of the 9-O-acetyl group in this recognition process. With these tools in hands, we will be able to further investigate carbohydrateprotein interactions in solution on a molecular level and set a basis for an improved understanding of many fundamental biological processes, which also may have relevance for clinical eN9-O-Ac applications (Gabius et al, 1995; Gabius, 1996; Gabius and Gabius, 1996) .
Material and methods
Deuterated solvents (D 2 O and DMSO-d^; both 99.96 atom % D) and the detergent dodecylphosphocholine-d 38 were purchased from Merck, Sharp and Dohme (Montreal, Canada). Neu5Ac and Neu5Gc were isolated from bovine submandibular gland mucin (Reuter et al., 1983) . Neu5,9Ac 2 was obtained from Neu5Ac by treatment with tnmethyl orthoacetate according to a published procedure (Ogura et al., 1987) . G D ,, and G D , n (TvleuS^AcJ were isolated from red blood cells of Wistar and CAP rats, following a wellestablished procedure (Leeden and Yu, 1982; Gowda et al. 1984) .
Preparation of polydonal antibody fraction
Human serum from normal donors served as source to purify the polyclonal antibody (IgG) fraction with preferential affinity to O-acetylated sialic acids (Ahmed and Gabius, 1989; Zeng and Gabius, 1992; Zeng etal., 1992) . In brief, after removal of any serum components with affinity to the Sepharose 4B matrix and of any galactose-binding proteins by affinity chromatography over lactose-bearing Sepharose 4B the resulting serum fraction was passed over the affinity matrix constituted by immobilisation of bovine submandibular gland mucin to divinyl sulfone-activated Sepharose 4B (Ahmed and Gabius, 1989) and eluted with 0.1 M NH 4 0H (pH 11) followed by immediate neutralisation After affinity chromatography over protein A-Sepharose 4B, an IgG fraction was obtained, which nearly exclusively comprises lgG 2 . The eluted protein was dialysed against phosphate-buffered saline and finally against water and lyophilised. The protein content was determined by the dye-binding assay adapted for microtiter plates (Redinbaugh and Campbell, 1985) using bovine serum albumin as reference.
NMR measurements
For the preparation of mixed micelles (Eaton and Hakomori, 1988; Siebert et al, 1992) , the purified gangliosides G D1 . and G Dr . (1^115,9 AcJ (2 mg, each) and DPC-d 38 were mixed in deuterated potassium phosphate buffer at pD 6 in a molar ratio of 1:40 The solvent was exchanged twice with D 2 O, with intermediate lyophilizatron, and the sample was dried in high vacuum and finally dissolved in 0.4 ml of D 2 O for NMR measurements. In addition, mixed micelles of G D ,, and G DI , ( c Neu5,9Ac 2 ), and DPC-djg in D 2 O (corresponding to 2 mg ganglioside) were incubated with the affinity-purified antibody fraction (4 mg of protein) before analysis. In another series of NMR experiments the gangliosides G DI , and G DI . ("NeirS^AcJ (2 mg each), which had been dried in high vacuum, were dissolved in 0.4 ml of DMSO-dg for performing NMR studies (Siebert, 1990) . All NMR spectra were obtained at a frequency of 500 MHz on a Bruker AM-500 spectrometer equipped with an Aspect 3000 computer and process controller
Molecular dynamics calculations
The oligosaccharide parts of G D1 , and G D1 , ( c Neu5,9Ac2) were generated by successively linking the appropriate monosaccharides to the chain starting from the non-reducing end with the aid of die SUGAR program of the CAR-BYD interface (von der Lieth et al., 1989) . The coordinates for the sugar ring atoms were taken from the Cambridge Crystallographic Data Bank. Substitution of the exocyclic groups was accomplished with the aid of the MOLBUILD program (Liliefors, 1983) . The MM calculations were run on an IBM 3090 computer with the use of the standard MM2(87) force field (Burkert and Allinger, 1982; Allinger et al., 1988 ) and a dielectric constant e = 4. The conformations which represent energy minima were used as geometrical starting points for MD calculations. The Consistence Valence Force Field (CVFF) (Hagler et al., 1974 (Hagler et al., , 1979a implemented in the DISCOVER 2.9 program (Biosym Technologies, San Diego, USA) was employed for the MD calculations. Input files for DISCOVER were prepared following the automatic charge and parameter assignment procedure of INSIOHT-U. For the interaction analysis the 9-0-acetylated and non-O-acetylated G D] .-molecules were divided into 15 structurally meaningful features, as shown in detail in Figure 5 . Over the whole simulation time of 1000 ps, 20 structures were drawn from a MD simulation by storing and minimising a conformation after every 50 ps. The interaction energies (van der Waals and Coulomb interactions) were calculated between all defined parts of the molecule. The interaction analysis was accomplished using the RESIDUE-RESIDUE INTERACTION option of the PRINT command of DISCOVER. MD-simulations in vacuum were carried out at simulation temperatures of 300 K or 400 K and dielectric constants e of 4 or 80; a dielectric constant of 80 is equivalent to that of water. No additional forces or non-bonded cut-offs were applied during the simulation. The molecules were equilibrated for 10 ps and remained at a diermal equilibrium at this temperature for the rest of the simulation The generation of the various trajectories was done with the ANALYSIS option of INSIGHT. The trajectories were plotted and examined with the program DISANA (our own software). All MD calculations were run on a CONVEX C3440 computer. In addition two different simulation protocols with explicit inclusion of water molecules were performed for the complete G D] . ( <! Neu5,9Ac 2 ) oligosaccharide chain, namely periodic boundary conditions as well as water layers and a distance-dependent dielectric constant of e = l*r (Guenot and Kollman, 1992, 1993) . Both solvation models were generated with the SOAK option of INSIGHT II. The details for the simulation using periodic boundary conditions were as follows: simple point charges for the water molecule models, 631 water molecules, unit cell dimensions of x = 35 A, y = 25 A, and z = 25 A, angles a = fj = y = 90°; equilibrium time 50 ps at 300 K and state of thermal equilibrium for the rest of the simulation. A 5 A thick layer of water molecules around G D i, (^NeuS^AcJ was generated and applied in conjunction with a distance-dependent dielectric constant. A time integration step of 0.1 fs and a cut-off distance of non-bonded interactions of 12 A were chosen Additionally, MD-simulations in the solvent DMSO were carried out using the model solvent of Mierke and Kessler (1992) under the following conditions: periodic boundary, simple point charges for the DMSO molecule models, 288 DMSO molecules, unit cell dimensions of x = 35 A, y = 35 A, and z = 35 A, angles a = S = 7 = 90°, equilibrium time 50 ps at 300 K and state of thermal equilibrium for the rest of the simulation. All simulations in the presence of solvent molecules were performed on an IBM-SP2 parallel machine using the parallel version of DISCOVER and four processors.
Dihedral angles <t > and ¥ are defined as follows. O: C1-C2-O-C3, V'. C2-O-C3-H3 for Neu5Aca2-3Gal; *• H1 -CI -O-CX, ¥: C1 -O-CX-HX for the other glycosidic linkages. <t> correspond to <1> H ; ¥ correspond to W H according to the IUPAC conventions. The angles describing the 9-O-acetylated glycerol side chain of the external sialic acid are co' 6 , H6-C6-C7-H7; u>' 7 , H7-C7-C8-H8; io' 8 , H8-C8-C9-O9; w' 9 , C8-C9-O9-C10; and a>' 10 C9-O9-C10-C11, with C10 being the carbonyl C atom of the 9-O-acetyl group and Cl 1 as methyl C atom of this substituent. The angles of the non-O-acetylated glycerol side chain, a> 6 , u> 7 , (o 8 , are defined analogously. All torsion angles listed in the Figures 2 and 4 are averaged values from the trajectories.
